Abstract-High-density electrocorticography (ECoG) arrays are promising interfaces for high-resolution neural recording from the cortical surface. Commercial options for high-density arrays are limited, and historically tradeoffs must be made between spatial coverage and electrode density. However, thinfilm technology is a promising alternative for generating electrode arrays capable of large area coverage and high channel count, with resolution on the order of cortical columns in the functional surface unit of a human gyrus. Here, we evaluate the sensing performance of a high-density thin-film 128-electrode array designed specifically for recording the distributed neural activity of a single human cortical gyrus. We found robust field potential responses throughout the superior temporal gyrus evoked by speech sounds, and clear phonetic feature selectivity at the resolution of 2 mm interelectrode distance. Decoding accuracy improved with increasing density of electrodes over all three patients tested. Thin-film ECoG has significant potential for high-density neural interface applications at the scale of a human gyrus.
I. INTRODUCTION
Electrocorticography (ECoG) is a method of recording electrical neural signals from the cortical surface. Traditionally, ECoG has been used to localize the seizure focus in patients with refractory epilepsy for surgical planning. Most currently available clinical electrode arrays have one centimeter center-to-center electrode spacing. There are many emerging applications, such as brain-computer interfaces (BCIs), in which sensing resolution on a much finer scale is required. In particular, there is a need for new neural interface devices that are capable of recording neural activity on the order of cortical columns, an important spatial unit of cortical organization.
Micro-electrocorticography (μECoG) refers to ultra highdensity recordings with spacing on the order of microns to 1 millimeters. An important feature of μECoG is the potential to record high-density neural activity safely, while also conforming to a specific anatomic region-of-interest. The technology used to make these multi-electrode arrays must necessarily be different than that for hand-made, commercially available electrode arrays.
We have utilized thin-film MEMS technology to fabricate a new μECoG multi-electrode array for human application. The array was designed to leverage the safety and low impedance properties of disk-type electrodes for the cortical surface, while also increasing density. The technological platform is a flexible one, so the same manufacturing technique can be applied to a variety of array configurations of surface area, electrode size, electrode shape, array pattern, electrode number, and density. Here we show highresolution recording and discrimination of speech sounds using the thin-film array in human subjects as a demonstration of their potential for neural interface applications.
II. EXPERIMENTAL METHODS

A. μECoG design and fabrication
The μECoG array consists of 128 electrodes (8x16), 1.2 mm in diameter with a center-to-center spacing of 2mm, designed specifically to span a human cortical gyrus. The thin film arrays were designed and fabricated in a similar manner as detailed in [1] . Polyimide layers provided insulation and structure between each metal layer, making the array a total thickness of approximately 20µm. Thin-film Ti/Au/Ti was sputter-deposited and patterned using contact lithography and wet etching to form conductive traces. Vias were etched in the polyimide using oxygen plasma to provide electrical contact between the electrode metal layer and the trace metal. The electrode metal layer was added by sputter depositing 250nm of Pt over a Ti adhesion layer and patterning the metal using contact lithography and reactive-ion etching. Finally, oxygen plasma was used to etch openings on top of electrodes and connector pads. Each μECoG array was wirebonded to a silicon interconnect board that was subsequently potted in medical grade epoxy. Electrode impedances at 1kHz were in the range of 800-900 kΩ.
B. Experimental setup
Experimental procedures were approved by the Committee for Human Research at the University of California, San Francisco and the Lawrence Livermore National Laboratory Institutional Review Board. All participants provided written informed consent. Three patients undergoing an awake craniotomy with language mapping prior to resection of epileptic foci volunteered to Thin-film, high-density micro-electrocorticographic decoding of a human cortical gyrus participate in this research study. In all three patients, the human auditory speech cortex, superior temporal gyrus (STG), was exposed as part of the clinical procedure. The sterilized thin-film μECoG device was placed on the STG, where cortical responses can be evoked in response to speech sounds [2] , [3] . A needle electrode in the scalp served as the reference electrode and ground. The subjects listened to 51 pseudo-randomized consonant-vowel (CV) syllables played through free-field speakers. The inter-stimulus interval was 2.25 seconds with a jitter of up to 250ms. Presentation of experimental stimuli was synchronized to neural recordings.
C. Recording and data processing
Signals were acquired at a sampling rate of 3051.8 Hz and were amplified and digitized using a Tucker-Davis Technologies neural recording system. Manual artifact and channel rejection was performed, followed by common average referencing (CAR) [4] . The CAR consists of the mean across 64-channel banks of non-rejected electrodes that are spatially arranged in four rows that span 3.5cm x 1.2cm. The CAR approximates the activity contributed by the original reference, so subtracting the CAR from each channel largely removes contributions of the original reference electrode and electrical artifacts that are often present in groups of 64 channels due to shared connectors and cabling (see Crone et al. 2001 for a discussion of CAR in ECoG recordings).
III. ANALYTICAL METHODS
A. Signal processing
The signal from each electrode channel was filtered into 56 frequency bands using an FFT followed by a Hilbert transform with logarithmically increasing center frequencies (range of CF = 4.07 Hz -944.83 Hz). The analytic amplitude, also known as the envelope, was calculated for each [5] . The filtered frequencies were then averaged over high gamma (70 -150 Hz) bands. The natural log of this signal was then z-scored with respect to rest (no-task) epochs within the same recording.
Electrodes were chosen for analysis using a bootstrap ttest to find electrodes that responded significantly to speech over silence. The threshold p-value for inclusion was 0.001 over 10,000 bootstrap iterations.
B. Decoding analysis
To test decoding performance, the z-scored log of the high gamma analytic amplitude was used as the signal for significantly modulated electrodes (defined above). Classification was done using Linear Discriminant Analysis (LDA) and trained on four phonetic feature categories of sounds for which the STG neurons are known to express selectivity [2] : 'fricatives', 'nasals', 'glides', and 'stops.' A leave-one-out cross validation was employed to generate performance metrics. High gamma responses were taken for ten evenly spaced time points 200ms to 300ms after the onset of the syllable and associated with a phonetic category. The average of the correct predicted categories for each ten-timepoint representation of the CV was used as the percent correct for each CV syllable prediction. These were averaged together to get a final metric of 'percent correct. ' The electrode array was spatially subsampled at 4mm and 8mm inter-electrode spacing for all possible subsample variations. The variation in performance between spatial shifts of the same decimation factor was small, and results are reported as an average over all possible spatial subsamples for 4 and 8mm.
IV. RESULTS
The goal of our study was to functionally validate the sensing performance of a novel thin-film μECoG device for human recordings. We verified that evoked responses can be successfully recorded in the frequency range of interest for neural recordings. We then compared decoding accuracy using all responsive electrodes and decimated subsets of those electrodes.
In contrast to commercially available high-density grids for surface recordings, the thin-film μECoG has not only large surface area but also high density. The surface area and density are highlighted in Fig. 1 . The thin-film array covers approximately the width of a human gyrus. It is low profile and extremely flexible to be conformal to the brain's surface.
A schematic of the array on the surface of the STG is shown in Fig. 2. Fig. 2B shows a typical single-electrode response to an acoustic stimulus. Robust evoked neural responses are recorded across the array, as shown in Fig. 2C . Several electrodes did not record good responses, possibly due to placement over small cortical blood vessels or faulty electrodes.
Single electrodes show selectivity for phonetic features. An example is shown in Fig. 3A , where one electrode's mean responses to the four phonetic categories tested is plotted. This electrode is selective for stops. We wanted to determine if, for the same available surface area of the human STG, a higher density of electrodes increases decoding accuracy. Results of this analysis are shown in Fig. 4 . With chance at 25%, we see that neural activity for all center-to-center spacings boosts predictive performs over chance. Beyond this observation, decoding performance increases as spatial density increases.
V. DISCUSSION
Our goal was to evaluate the human-based physiological recording properties of a high-density ECoG device fabricated using MEMS-based thin-film technology. Here we show that thin-film μECoG can record robust human cortical signals. We showed that there are differences in phoneme feature selectivity at single electrodes. Across all three patients, we see an improvement in decoding accuracy with increased spatial resolution in the same available area.
In the last decade, thin-film MEMS-based electrode arrays have proven their utility in animal ECoG studies [6] - [12] . The technology is appealing because the arrays are highly conformal to the brain's surface, and the fabrication platform allows for scalable, customizable designs. The micron-level precision enables the fabrication of extremely small electrodes and very dense center-to-center spacing. Some groups have capitalized on the flexibility of the thinfilms, making arrays that can be bent to record within a sulcus [7] , [12] . A recent study used thin-film devices in humans intra-operatively to record spontaneous surface potentials [13] . However, to our knowledge, this represents the first validation of a thin-film array that demonstrates recording of functional evoked activity from human cortex. Additionally, our array highlights the advantages of maintaining broad spatial coverage while increasing number of electrodes within an anatomical area.
Our combination of large surface area and dense spacing of electrodes allows us to interrogate a functionally related area on a human gyrus at high resolution. Spatial resolution improvements are obviously meaningful, as increased density improves decoding performance. This could be due to boosting of the signal-to-noise ratio from pooled estimates of a signal over electrodes. Alternatively, it could mean that the brain actually represents information at the scale of 2mm or less, information that is not captured with low-density sampling. We have evidence that higher density improves decoding, and with even higher density we may see further decoding benefits.
VI. CONCLUSIONS
We have concluded that the thin-film μECoG array is a viable technology for recording neural signals from the human cortical surface. This technology is a good alternative to commercially available high-density options, as the arrays are safe, conformal, and relatively low impedance. The thinfilm arrays are capable of recording robust and discrete high gamma signals even at a spacing of 2mm center-to-center. Higher density recordings enhance neural decoding capability within single patients, and the limit to this improvement has not yet been reached. 
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